We propose three scenarios for hybrid compact stars consisting of nuclear and dark matters to intepret the LIGO/Virgo events GW170817 and GW190425. The equation of state for the nuclear matter is extracted from holographic quantum chromodynamics, and the one for the dark matter is extracted from the massive boson with quartic self-coupling. We study the mass-radius and tidal Love number-mass relations for these hybrid compact stars, and find that they can well explain GW170817 and GW190425. Some of the hybrid stars can have compact neutron or mixed cores around 10km while possessing a thick dark matter shell, which can then explain the astrophysical observations of neutron stars with compact photon radius and mass higher than 2 solar masses. Reversely, we also infer the dark matter model from the parameter estimation of GW190425. Our scenarios of compact hybrid stars can be further tested by the coming LIGO/Virgo O3 events.
Dark matter, though prevails over the universe and consists of about 3-quarter of matter content, reveals little evidence in the direct search in the past three decades [1] [2] [3] [4] . The main difficulty of direct search is due to its rare interactions with the visible sector and thus it lacks of the associated electromagnetic signals. On the other hand, everything gravitates. If dark matter can form the compact binary coalescences (CBC), one can detect the associated gravitational waves (GW) by LIGO/Virgo to infer its equation of states and the corresponding microscopic theory of dark matter [5, 6] . This can be thought as an alternative direct search through the relation between gravitational astronomy, microscopic and macroscopic physics of dark matter. For the usual models of dark matter such as weakly interacting massive particles (WIMP) [7] , it is hard to form the compact objects due to the lack of self-interactions. On the other hand, there are motivations to introduce the self-interacting dark matter (SIDM) to explain the observed smooth core densities of dark matter halos of galaxies and clusters [8] [9] [10] [11] . For SIDM, it is easy to obtain the compact stars of a few solar masses [12] [13] [14] , which can further form binary hybrid stars (BHS) and yield GW from their CBC.
Given the above possibility of compact dark stars, one can further speculate the existence of hybrid compact stars made of dark and nuclear matters. This is the analogue to the dark halos made of dark and visible matters [15] but in a much smaller size. There are three scenarios of hybrid compact stars as shown in Fig. 1 , which depend on the interaction between dark and nuclear matters, and also on the mechanism and process of accretion. The first scenario is to have the stars with neutron core and dark matter shell, the second is the ones with dark matter core and neutron shell. For both scenarios we assume there is interaction between dark and nuclear matters, or spontaneous symmetry breaking to form the domain wall separating the core and shell. Otherwise, we will have the third scenario for which the dark and nuclear matters are mixed inside the core but with only one component in the shell. These hybrid stars can be seen as the cousins of neutron stars with the new parameter r W characterizing the radius of the the inner core. Here, we simply assume the existence of these hybrid stars and leave their formation mechanism for future studies.
FIG. 1. Three scenarios of hybrid stars. Black color denotes dark matter and brown color denotes nuclear matter. In the first scenario we have a pure nuclear matter core and a pure dark matter crust, and swap the dark and nuclear matter in the second scenario. In the third scenarios, we have a mixed core and either a pure dark matter crust (IIIa) or a nuclear matter one (IIIb). They can form the systems of binary hybrid stars (BHS).
Despite the speculated hybrid stars, it is hard to detect them due to either lack of electromagnetic signals or not enough telling from the neutron stars. However, these hybrid stars will have different mass-radius relation and the tidal deformability which can be encoded in the GW from the coalescences of BHS. Thus, we may test the above three scenarios for BHS by GW events discovered by LIGO/Virgo. Currently, there are two observed events usually identified as the binary neutron stars, namely, GW170817 [17, 18] and GW190425 [16] .
The key feature of both events is their low tidal Love numbers (TLNs). Moreover, the total mass and the associated component masses of GW190425 seem larger than the ones expected for the neutron stars, in comparison to GW170817. These features can call for the alternative explanation such as the one provided by hybrid stars. Reversely, we can constrain the associated dark matter model by analyzing the hydrodynamical properties of the hybrid stars from the GW data.
In this Letter, we will show that both GW170817 and GW190425 can be easily explained by a simple toy model of hybrid stars based on the above three scenarios. We do not aim to pin down models of nuclear and dark matters, but demonstrate the viability of the hybrid star scenarios. Thus, we consider a simple model of nuclear and dark matters. We adopt the SIDM with potential m 2 φ 2 + λ 4 φ 4 in the regime λM 2 planck /m 2 1, which can be equivalently described by the equation of state (EoS) [12] 20] . If this SIDM can also explain the smooth density profile of dark matter halos, it will impose the constraint on the cross section of self-scattering, which is translated into a tiny window for λ:
Therefore, if we can pin down the parameter B from the GW events, we almost determine the parameters of SIDM.
As for the nuclear matter, we adopt an EoS obtained in [24] from a well-motivated holographic quantum chromodynamics model, i.e., Sakai-Sugimoto model [25] [26] [27] , and it takes the form
(3) The advantage of this model EoS is its simplicity with just one free dimensionless parameter A, it has been used to well explain GW170817 [24] with A ∼ 0.3. Despite that, it cannot at the same time yield the neutron star configuration with the maxima mass greater than 2M , which has been observed astronomically [28] . However, we will see that these more massive stars can possibly be the hybrid stars of the first scenario with r W ∼ 10km of the neutron core which is visible to the X-ray observation [29] [30] [31] , and an invisible dark matter shell.
The GW of CBC encodes the component masses M 1,2 , and also the TLNs Λ 1,2 in the following combined quantitỹ Λ = 16 13
For each hybrid star scenario, we have three model parameters A, B and r W . We shall connect the model parameters to the inferred quantities from observation data by the mass-radius and TLN-mass relations. Given a set of (A, B, r W ) we first obtain the massradius relation by solving the Tolman-Oppenheimer-Volkoff (TOV) equations using units G = c = 1:
where := d dr , I = D or N , the mass inside radius r is m(r) = I m I , pressure p = I p I , energy density ρ = I ρ I by summing the contributions from for dark matter (I = D) and nuclear matter (I = N ), and the Newton potential φ := 1 2 ln(−g tt ) with g tt the ttcomponent of the metric. The size R of the star is determined by p(r = R) = 0, and the mass of the star is given by m(R). For the first scenario, we set p D = ρ D = 0 and use (3) to solve TOV equations for r ≤ r W . For r ≥ r W we set p N = ρ N = 0 and set initial value of p D at r W equal to p N (r W ), then use (1) to solve the TOV equations until r = R. For the second scenario we will do the same thing by swapping the roles of dark and nuclear matters. For the third scenario, we shall tune the initial values at r = 0 for both p D and p N and use both (1) and (3) to solve TOV. In this case r W is determined by the first vanishing p I , then we solve the TOV equations for r > r W until r = R for the remaining nonvanishing p I component.
A key difference between first two scenarios and the third one is on the stability issues. For the first twos, we have just one parameter, i.e., either p D (0) or p N (0), but have both for the third one, thus the stability issue is more tricky due to possible saddle instability. As we will see, there are more massive stable configurations than the single fluid ones for the first two scenarios, but less in the third one.
After having solved the stable TOV configurations, we will then solve the perturbation around them to extract the TLN, Λ defined by
where Q ab is the induced quadrupole moment, and E ab is the external gravitational tidal field strength. As shown in [32, 33] , to obtain Λ, we first need to solve the following equation for y(r) := rH (r)/H(r) with H(r) the linear perturbation of g tt around a TOV configuration:
ry + y 2 + P (r)y + r 2 Q(r) = 0
with boundary condition y(0) = 2 and
Moreover, due to the jump ∆ρ of ρ at r = r W for the first two scenarios, we need to impose the following junction condition on the jump ∆y of y at r = r W :
Once (7) is solved, the TLN Λ can be obtained through an algebraic expression of y(R) and the "compactness" C = M/R given in [32, 33] . Based on the above we evaluate the M -R and Λ-M relations for the above three hybrid star scenarios. In Fig. 2 we show the M -R relations for the first two scenarios for A = 0.305 and B = 0.035 (with various r W labelled as aRN for the first scenario, and as aRD for the second.) or B = 0.055 (labelled by bRN and bRD.), and in Fig. 3 we show the corresponding Λ-R relations. From the results we can found out the following interesting observations. (i) The one labelled by aRD= 0 is the pure neutron stars which have been used to explain GW170817 in [24] . Now we see that the hybrid stars labelled by aRD= 8, i.e., 8km, can reach the maximum mass more than 2M but with R 13km even the pure neutron star aRD= 0 can only have maximum mass around 1.7M . (ii) For the first scenario, we see that there is a jump around aRN= 10.2 or bRN= 9.5 (but not shown in Fig. 2 ) beyond which the small radius configurations become unstable (indicated by dash line in Fig. 2 ), this may imply some first order phase transition. On the other hand, below this critical RN, there are more compact hybrid stars which can be consistent with LIGO observation with small TLN as indicated in Fig.  3. ( iii) The configuration with M larger than 3M are mainly composed by dark matters as seen from the ratio of r W /R. Contrarily, the more compact hybrid stars of smaller R are mainly composed by nuclear matters. This is understandable as the EoS (3) is stiffer than EoS (1). It then implies that the final state of the most binary hybrid stars' mergers are unstable unless the initial stars are almost pure dark stars. Thus, if the component stars of GW190425 are the hybrid stars of these two scenarios, the final state will collapse into a black hole.
Next, we show the M -R and Λ-M relations in Fig. 4 for the third scenario of hybrid stars, namely the mixed ones in the core, and are denoted by bMX for A = 0.305 and B = 0.055. Unlike the first two scenarios, there are saddle instabilities for the third scenario. Thus, the region of stable configurations indicated by the aqua-encircled areas of Fig. 4 are much limited. The stable regions consist Table I ). The regions of stable configurations are specified by the aqua-encircled areas. Different black lines correspond to different core pressures of dark matter but varying the core pressures of the nuclear matter, and the brown lines are the other way around.
of two small windows of M , i.e., M ∈ (1.31, 1.36) with Λ 125 or M ∈ (1.85, 2.23) with Λ ∈ (220, 4500). Despite that, the stable configurations still yield some BHS with low TLN as shown in the inset of Fig. 4 , which are consistent with the current GW observations.
After discussing the general M -R and Λ-R relations for the three scenarios of hybrid compact stars, we now pick up some specific configurations as listed in Table I which can be identified as the component stars for the GW170817 and GW 190425. In Table I we have listed 14 hybrid stars labeled by the index Sn with n= 1 · · · 14. Most of them are indicated on Fig. 2 and 4 . The type aRD, aRN, bRD, bRN and bMX are defined as before, and the type cRD for S7 is a hybrid star of the second scenario with A = 0.341 and B = 0.055, which is not shown in the above M -R relations. Especially, we list S6 and S9 to show that the typical high mass stars Fig. 2 and 4 . The first entry labels the stars, and the second entry is the type of hybrid stars as defined earlier, then the subsequent entries are total mass, mass ratio of dark matter to the total mass, total radius, respectively core radius and TLN. The core pressures of dark matter for bMX1,2 are 4.7×10 −4 p and 2.4×10 −5 p , respectively. Note the S7 hybrid star is for A = 0.341 and B = 0.055 (labelled as cRD). with mass larger than 3M are mainly the dark stars and cannot be the final states of the mergers of the low mass hybrid stars which are mainly composed of nuclear matter. Besides, most of the stars with masses lower than 2M have radii just 2 or 3km larger than the typical radii of neutron stars, say around 11km. Some of them such as S8 and S12 even has a 10.7km neutron core to be consistent with the observed photon radius [29] [30] [31] . Note that for GW170817, the inferred total mass M 1 + M 2 2.73 +0.04 −0.01 M with M 1 ∈ (1.36, 1.60)M , M 2 ∈ (1.16, 1.36)M andΛ = 300 +420 −230 for low-spin prior. For simplicity, we consider the equal mass pair with M 1 = M 2 = 1.37M [17, 18] . The pure-neutron or hybrid stars with such mass in the list are S1, S2, S7, S10 and S13. In this set, unlike S13 which belongs to the third scenario, the other stars belong to the first two scenarios and have none or little dark matter. SinceΛ = (Λ 1 + Λ 2 )/2 for the equal-mass binary, thus any of two stars from the same type labelled by either a, b or c, e.g. two S2's, two S13's, {S1, S2}, or {S10, S13}, etc, can form a binary of hybrid stars withΛ close to it observational upper bound to explain GW170817.
On the other hand, for GW190425 the inferred total mass [16] . From the Table I , we can find the following five pairs of hybrid stars to explain GW190425: (1) {S3, S5} withΛ = 771, (2) two S4's with Λ = 593, (3) two S8's withΛ = 220, (4) two S11's with Λ = 260, (4) two S12's withΛ = 76, and (5) {S13, S14} withΛ = 346. We see that the values ofΛ varies in a wide range but all confirm to the data constraints.
Finally, we can use the data of GW190425 and its parameter estimation result given in [16] to further map out the posteriors for the the EoS parameter of the SIDM, B ∼ 0.08 √ λ ( m GeV ) 2 and the radius of the dark core RD for the second scenario by fixing A = 0.305, the result is shown in Fig. 5 , and the inferred best-fitted value is B = 0.055 +0.014 −0.025 and RD = 10 +5 −4 km [34] . Together with the astrophysical constraint (2), it can then be used to infer the values of m and λ of SIDM.
In this Letter we have shown that the hybrid stars based on our chosen EoS's for dark and nuclear matters can well explain the GW events GW170817 and GW190425 which are usually thought as binary neutron stars. We expect the coming O3 data of LIGO/Virgo for the events of CBC will shed more light on our approach to the hybrid stars and the associated dark matter model. We thank TGWG members for helpful discussions. We also thank NCTS for partial financial support.
